Located in the foreland of the Western Alps, the Crau Plain was the outlet of the Durance River in the Pleistocene. In order to constrain its geodynamic evolution in terms of chronology and denudation rates, the two main Quaternary deposits of this plain have been studied based on cosmogenic nuclide 10 Be concentration measurements along depth profiles. The abandonment of the Miramas and Luquier alluvial surfaces occurred at the beginning of glacial periods, Würm (isotopic stage 4) and Riss (isotopic stage 6), respectively. Discrepancy in denudation rates under similar geomorphological and lithological conditions suggests different denudation processes during glacial and interglacial periods. The denudation rate has been estimated at about 25 mm ka − 1 for the interglacial period and about 60 mm ka − 1 for the glacial period. The abandonment of the Crau Plain as the outlet of the Durance River occurred sometime between 75 and 35 ka.
Introduction
The evolution and the development of alluvial systems (terraces and fans) reflect their responses to variations in forcing factors such as climate and tectonics (e.g., Twidale, 2004) . Glacio-fluvial terraces formed by erosion and/or deposition, alluvial fans and hydrographic networks are geomorphic markers that can be dated for paleoclimatic reconstructions or deciphering tectonic processes, especially on relatively short timescales (10 ka to 1 Ma; e.g. Burbank and Anderson, 2001 and Anderson and Anderson, 2010) . To date Quaternary deposits, several methods have been developed in recent decades. Among them, the use of terrestrial cosmogenic nuclides has proven effective for dating geomorphological markers associated with alluvial deposits and characterizing morpho-dynamics based on long-term denudation and/or uplift rates (e.g. Brown Be concentrations along vertical profiles sampled 47 within two alluvial deposits in a periglacial climatic setting with similar lithological, 48 geomorphological, and tectonic characteristics but different ages. 49
For such a purpose, deposits in the Crau Plain appear well suited because of (i) abundant datable 50 quartzite pebbles in the alluvial material; (ii) a large horizontal extent of the deposits allowing 51 sampling away from the edges of terraces; (iii) absence of topographic barriers enabling the scaling of 52 production rates based only on the latitude and altitude; and (iv) two distinct sets of alluvial deposits, 53 namely the Luquier and Miramas terraces, with similar lithology and geomorphological 54 characteristics. In the periglacial setting of the Mediterranean Provence, this study helps (i) establishes 55 the chronology of sedimentary events in the Crau Plain, including the timing of the last Durance River 56 diversion that likely has a tectonic origin (Molliex, 2009) , and (ii) quantifies and discusses the 57 denudation rates prevailing during the distinct climatic settings that characterize their emplacement 58 periods. 59
Geological setting

60
The Crau Plain is located in the Provence domain in southeastern France, a part of the Alpine 61 foreland ( anticlines and large NNE-trending strike-slip transfer faults. The main tectonic event responsible for 64 the setting up of these structures occurred during the so-called "Pyreneo-Provençal" late Cretaceous to 65
Eocene orogenic phase, especially to the west of the Salon-Cavaillon fault, where the Crau Plain 66 extends south of the Alpilles ridge (Fig. 1) . In this area, the Quaternary deformation rates have been 67 estimated to be lower than 0.1 mm yr -1 (Molliex et al., 2011) . The Crau Plain is an almost flat surface 68 of approximately 600 km² composed of three stacked large alluvial sheets of limestone and siliceous 69 cobbles deposited in a braided fluvial system Roux, 1978, 1986) . The composition of the 70 cobbles record a typical alpine petrographic spectrum, indicating that the plain was the former outlet 71 of the paleo-Durance River, which now flows westward to the Rhône River along the north side of the 72
Alpilles ridge ( Fig. 1 ; Roux, 1978, 1986; Warner, 2012) . The northern alluvial sheet is 73 the Arles terrace; the lateral equivalent of the local Valensole II Pliocene gravels (Clauzon, 1979) and 74 is mainly composed of alpine Jurassic and Cretaceous limestone cobbles. Endogenic and siliceous 75 cobbles are rare within this deposit (Colomb and Roux, 1978) . To the southeast, the more recent 76
Luquier terrace (Fx in Fig. 1 ) is composed of cobbles presenting a typical Quaternary alpine 77 petrographic spectrum, represented by a mix of alpine Jurassic and Cretaceous limestone and 78 numerous siliceous cobbles mainly of crystalline rocks, quartzites, volcanic breccia and serpentines 79 (Colomb and Roux, 1978) . The most recent Miramas terrace is located in the southeastern part of the 80
Crau Plain (Fy in Fig. 1 ) and presents almost the same petrographic spectrum as the Luquier terrace 81 and the present-day Durance terrace. The size of cobbles slightly differs; about 20 cm for the Miramas 82 terrace and about 20-30 cm for the Luquier terrace. Moreover, alteration of crystalline rocks is more 83 important in the Luquier terrace than in the Miramas terrace. These two deposits have a global gray 84 tint whereas the Arles terrace has a global yellow tint. 85
During the Quaternary times, the downstream course of the Durance River experienced at least 86 two successive major diversions (Gouvernet, 1959; Colomb and Roux, 1986) (Fig. 1) . During the 87 deposition of the Arles terrace, the river was flowing in the Crau Plain through the St-Pierre-de-Vance 88 gap (Fig. 1) . During the deposition of the Luquier and Miramas terraces, the river was flowing through 89 the Lamanon gap, east of the St-Pierre-de-Vance gap (Fig. 1) . Since the deposition of the Miramas 90 terrace, the Durance River stopped flowing through the Crau Plain and has been diverted to flow north 91 of the Alpilles ridge (Fig. 1) . Previous studies suggested a tectonic influence to explain these 92 diversions (Gouvernet, 1959; Molliex, 2009 ). In addition, recent observations from this area suggest 93 that the Salon-Cavaillon fault (Fig. 1) 
96
The relative age of the Luquier and Miramas terraces can be interpreted from both stratigraphic 97 and morphological perspectives. Nested within the Luquier terrace, the Miramas terrace is the 98 youngest terrace Roux, 1978, 1986) . This is also evidenced by the red soils, very rich in 99 ferrous minerals, which cover the Luquier terrace, suggesting a more advanced pedogenesis. The 100 sedimentary and structural relationships of the Quaternary deposits also help constrain their relative 101 ages (Fig. 2) . A local alluvial formation, probably deposited by a tributary of the Durance River, is 102 stacked into the Luquier terrace but covered by the Miramas terrace (Colomb et al., 1970 Durance terrace (Fig. 2) . A snail found at the base of this fan yielded an uncalibrated 14 C age of 28.2 ± 108 0.46 ka (Evin et al., 1983) . Using the calibration curve of Fairbanks et al. (2005) , the calibrated age is 109 33.7 ± 0.5 ka. Therefore, the abandonment of the Miramas terrace occurred between 125 and 34 ka, 110 while that of the Luquier terrace predates 125 ka (Fig. 2) . 111
Methods
112
Cosmogenic nuclides have been widely applied to soils and bedrock outcrops to measure their 113 duration of exposure to cosmic rays (e.g., Gosse and Phillips, 2001 
170
Two depth profiles, 15 km from each other, were sampled within the Miramas and the Luquier 171 alluvial deposits at elevations of 46 and 17 m, respectively (Fig. 1) . The Miramas profile was sampled 172 in a gravel quarry localized between Entressen and Miramas Villages (Fig. 1) . Because of soil removal 173 in the quarry, three surface samples were also collected in a nearby, non-cultivated field. However, 174
reconstructing the pristine elevation of the surface before soil removal is imperative to determine the 175 exact depth position of each sample. This was performed by interpolating topographic profiles from 176 differential GPS surveys on each sides of the quarry. The thickness of removed soil is estimated at ~35 177 cm, which is consistent with measured soil thicknesses near the sampling site. Ten samples of white 178 quartzite pebbles were then collected along a vertical depth profile (30 to 480 cm in reconstituted 179 depths; Fig. 3 ). The Luquier profile has been sampled along a refreshed face of an abandoned gravel 180 quarry located in Mas Chausson (Fig. 1) . Four samples were collected at the surface. The presence of a 181 calcrete capping the surface indicates that this area has never been affected by significant human 182 activities. Twelve samples of white quartzite pebbles were collected along a vertical depth profile (35 183 to 580 cm; Fig. 3 
206
Although samples M65, M160 and M210 do not perfectly match with the theoretical decay curve, 207 the measured concentrations exhibit the expected theoretical exponential decrease ( Fig. 5 and Table 1 ).
208
The small difference between the measured and theoretical concentrations evidenced for samples M65 209 and M210 may result either from experimental uncertainties or from a sedimentary history more 210 complex than that assumed by the model. The discrepancy observed for sample M160 suggests a more 211 important inherited component, and therefore this sample was not included for the profile modeling.
212
The modeled density for the terrace material is 2.1 g cm -3
. The inherited component deduced from the 213 10 Be concentration measured in the deepest sample is ~22 000 at/g-SiO 2 (Fig. 5a ). Given these 214 parameters, the best combination of the exposure age and the denudation rate from the modeling is 73 215 ka and 3.5 mm ka (Fig. 5b) . 218
Luquier terrace
219
Although samples L305, L415 and L510 do not perfectly match with the theoretical decay curve, 220 the measured concentrations exhibit the theoretically expected exponential decrease ( Fig. 6 and Table  221 1). The differences between the measured and the theoretical concentrations evidenced for samples 222 L415 and L510 may result from either experimental uncertainties or a sedimentary history more 223 complex than assumed by the model. The more significant discrepancy observed for sample L305 224 might indicate a more important inherited component. Samples L355, L415 and L510 were therefore 225 not considered for modeling. The modeled density for the terrace material is similar to that determined 226 for the Miramas terrace, 2.1 g cm -3
. The inherited component deduced from the 10 Be concentration 227 measured in the deepest sample is 22 000 at g-SiO 2 -1 (Fig. 6a) , similar again to that determined at the 228 Miramas terrace, which is consistent with the observation that both deposits had the same sedimentary 229 source. The best combination of the exposure age and denudation rate from the modeling is 181 ka and 230 30.9 mm ka -1
, respectively. Accounting for modeling uncertainties, the exposure age of the Luquier 231 terrace is limited between 105 and 285 ka and its denudation rate between 28 and 34 mm ka -1 (Fig.  232  6b) . that obtained for the Luquier terrace (180 ka) implying that these two terraces can also be 241 stratigraphically correlated. The determined ages are also consistent with the chronology inferred from 242 paleontological constraints (Fig. 2) and the global climate model of Winograd et al. (1997) (Fig. 7) .
243
Because the abandonment of alluvial terraces is generally associated with a fall of the base level that 244 causes stream incision, the abandonment of the Miramas terrace ca. 75 ka ago may have occurred in 245 response to the global sea-level fall at the beginning of the Würmian glaciation (isotopic stage 4; Fig.  246  7) . Similarly, the abandonment of the Luquier terrace at ca. 180 ka may correspond to the beginning of 247 the Rissian cooling phase (160 to 190 ka; Fig. 7 ). These results also help constrain the chronology of 248 the last diversion of the Durance River north of the Alpilles ridge, after the abandonment of the 249
Miramas terrace (ca. 75 ka) and before the deposition of the cryoclastic fan gravel sealing the post-250 diversion terrace (ca. 35 ka; Fig. 2) . Therefore, the last diversion of the Durance River has occurred 251 about 55±20 ka ago. This age corresponds to the abandonment of the Crau Plain as the outlet of the 252 Durance River. 253
7.2.
Denudation rates
254
The average denudation rate for the Luquier terrace (~31 mm ka -1
) is consistent with the rates 255 associated with other terraces in the same region that have been estimated using the high-density of dreikanters developed on the terrace surfaces (Ambert, 1988 ) and the formation of 263 large-scale eolian depressions (Ambert and Clauzon, 1992) ; while during interglacial periods, 264 chemical erosion with decarbonation to form fersiallitic soils has been dominant (Bonnet and Bornand, 265 1970; Bornand, 1978) . 266
Before the abandonment of the Luquier terrace at the onset of the Rissian glaciation, climate was 267 not favorable for soil development, and wind deflation was inactive because the surface was almost 268 exclusively composed of pebbles. Therefore, the denudation rate during the Rissian glaciation was 269 most likely very low. Conversely, during the Riss-Würm interglacial period (130-75 ka), rapid 270 weathering occurred to form fersiallitic red soils on the Luquier terrace (Bonnet and Bornand, 1970) .
271
During the Würmian glaciation (75-15 ka), the soil developed was partly gone with the wind and 272 quartzite cobbles concentrated at the surface. Similarly, the Miramas terrace, abandoned at the onset of 273 the Würmian glaciation, was not initially affected by deflation due to lack of soil, and denudation was 274 probably negligible during this period. During the Holocene, denudation by decarbonation and 275 pedogenesis occurred as in the Riss-Würm interglacial. The resulting total thickness reduction can be 276 computed for each terrace from the average denudation rates and associated exposure ages. For the 277
Miramas terrace, the total thickness reduction is 26 cm (3.5 mm ka -1 during 75 ka), while it is about 278 560 cm for the Luquier terrace (31 mm ka -1 during 180 ka). 279
As discussed, the denudation rate derived from the Miramas profile is probably representative for 280 the Holocene period. Therefore, an inferred Holocene denudation rate of 26 cm in 10 ka (26 mm ka
can be proposed. Extrapolating this value to the interglacial intervals experienced by the Luquier 282 terrace, that is to say, 10 ka during the Holocene and 60 ka during the Riss-Würm interglacial, yields a 283 surface lowering of about 180 cm (Fig. 7) . Because the total surface lowering estimated for this terrace 284 is 560 cm, the remaining 380 cm should have been reduced during the Würmian glaciation, giving 285 ~63 mm ka -1 as a denudation rate during the glacial period (380 cm in 60 ka). Such a high denudation 286 rate agrees with the described large accumulations of eolian sands and dunes associated with 287 cryoclastic gravel in Provence (Gabert, 1965) . These sediments were transported and deposited by the 288 so-called Mistral, a northern strong wind from the Rhône Valley. During the glacial periods, the paleo-289
Mistral led to a very cold local climate as indicated by markers such as cryoclastic gravels and 290 polygonal striated soils (Arnal, 1971) , distribution of landsnail species (Magnin, 1991) , and multi-291 kilometer scale landforms due to wind erosion such as eolian depressions (Ambert and Clauzon, 292 1992) . Wind deflation thus appears to be a significant process during glacial periods in Provence. 293
Conclusion
294
This study has highlighted different denudation processes affecting abandoned terraces in a 295 temperate periglacial region, southeastern France. It has estimated the denudation rates of the studied 296 terraces during either the Würm period dominated by wind deflation or the interglacial periods 297 dominated by decarbonation. Although wind deflation was efficient only if soil had already developed 298 during the preceding interglacial period, the estimated denudation rates for the glacial period are more 299 than two times higher than those estimated for the interglacial periods. This result may explain 300 discrepancy between the long-term denudation rates deduced from cosmogenic nuclides and those 301 from the Holocene terraces. For polygenic terraces, therefore, not only surface samples but also deep 302 samples along a depth profile are needed to determine the exposure age in addition to the denudation 303 rate. This study has also provided local constraints on the abandonment age of the two alluvial terraces 304 of the Crau Plain and allows estimating the age of the last diversion of the Durance River, flowing 305 north of the Alpilles ridge. The estimated abandonment age of this Rissian terrace is ~190 ka, and that 306 of the youngest terrace is ~70 ka. These chronologies are consistent with those already proposed in the 307 literature and with the ages inferred from stratigraphic paleontology. Table 1  539 
